. The three-arm PtBMA stars (bearing anthryl end groups), linear PtBMA (␣,-p-vinylbenzyl-functionalized), and PtBA (␣,-allyl-functionalized) (Fig. 1C) were prepared by anionic polymerization. The cellulose derivatives (IPCC and IPC) (Fig. 1D) were prepared and characterized according to the method of M. Schaub [thesis, University of Mainz, Mainz, Germany (1993)]. Gel permeation chromatography with poly(styrene)/divinylbenzene columns (SDV 500, PSS Inc.) with mesh sizes of 10 3 , 10 5 , and 10 6 Å were used to deduce poly(methyl methacrylate) [poly(styrene) for the celluloses] standard numberaverage molecular weights (M n in kilograms per mole) and polydispersities (M w /M n ) of PtBMA star (33.7, 1.04), linear PtBMA (25.8, 1.18), PtBA (28.8, 1.50), IPCC (89.2, 1.96), and IPC (114, 1.97). The functionality of the PtBMA (95%) and PtBA (85%) end groups was determined by a 300-MHz 1 H nuclear magnetic resonance spectroscopy (Bruker). The cellulose derivatives had degrees of substitution of IPCC (2.1 isopentyl, 0.3 cinnamate, and 0.6 hydroxyl) and IPC (2.8 isopentyl, 0.2 hydroxyl) based on elemental analysis. 14. Transfer ratios of 1.00 Ϯ 0.05 onto Si substrates hydrophobized with ammonium fluoride (x-ray experiments) or 1,1,1,3,3,3-hexamethyldisilazane (infrared studies) were obtained for all of the samples under the following conditions (temperature in degrees centigrade, surface concentration in angstroms squared per monomer, surface pressure in millinewtons per meter): PtBMA star (20, 22.9, 12) , linear PtBMA (8 and 20, 22.7, 15) , PtBA (8, 26.3, 15) , IPCC (8, 63 .0, 15 and 18), and IPC (8, 67.8, 18) . 15. The periodic fluctuations seen in Fig. 3 represent Kiessig fringes, which arise from the interference between x-rays reflected from the Si-polymer and polymer-air interfaces. Knowing the position of the maxima, one can obtain the thickness of the film [P. (2) or the activation of Mek-1 (3) or p42 MAPK (4) inhibits progesterone-induced activation of Cdc2 and maturation, and microinjection of nondegradable Mos (5), constitutively active Mek-1 (4, 6), or thiophosphorylated p42 MAPK (7) brings about Cdc2 activation and maturation in the absence of progesterone. At some point in this chain of events, a continuously variable stimulus-the progesterone concentration-is converted into an all-or-none biological response.
Studies of the steady-state responses of the MAPK cascade in Xenopus oocyte extracts indicate that the cascade might contribute to the all-or-none character of oocyte maturation. In extracts, the response of MAPK to recombinant malE-Mos (a maltose-binding protein Mos fusion protein) is highly ultrasensitive (8) , meaning it resemDepartment of Molecular Pharmacology, Stanford University School of Medicine, Stanford, CA 94305 -5332, USA.
bles that of a positively cooperative enzyme (9) . The apparent Hill coefficient (n H , a measure of the ultrasensitivity) for the MAPK response is about 5 (8) . This is a large Hill coefficient; the benchmark is the Hill coefficient for oxygen binding by hemoglobin, which is about 2.8 (10) . The ultrasensitivity arises in part from the fact that MAPK requires the phosphorylation of two sites for activation (11, 12) , and it increases nearly multiplicatively as the cascade is descended (13) . An ultrasensitive system behaves more like a switch than a Michaelian (n H ϭ 1) system does-the response to small stimuli is minimal, but once the system begins to respond, it switches from off to on over a narrower range of stimulus concentrations than does a Michaelian system (Fig. 1G) . Thus, the MAPK cascade might contribute to the allor-none character of oocyte maturation, provided ultrasensitivity is exhibited by MAPK in intact oocytes as well as extracts.
We, therefore, assessed the phosphorylation of p42 MAPK in groups of oocytes treated with different concentrations of progesterone (14). The overall response appeared to be no more switchlike than that of a typical Michaelian system (n H Ϸ 1, Fig.  1A ). However, a problem arises in interpreting the response of a potentially heterogeneous population. A graded overall response could mean that each of the individual oocytes had a graded response (Fig. 1B) , but even if individual oocytes had perfectly switchlike responses, samples of oocytes would yield a graded response if the oocytes varied with respect to the concentration of progesterone required to switch them on (Fig. 1C) .
These two possibilities can be distinguished by examining individual oocytes treated with intermediate concentrations of progesterone. If the individual responses are graded, each oocyte should have an intermediate amount of MAPK phosphorylation (Fig. 1B) ; if they are switchlike, the oocytes should have either very high or very low levels of MAPK phosphorylation (Fig. 1C) . This argument can be translated into a mathematical formula (15) for inferring the steepness (value of n H ) of the oocytes' individual responses from the observed distribution of responses in a sample of oocytes (Fig. 1D) .
Accordingly, we examined the steadystate phosphorylation of MAPK in 190 individual progesterone-treated oocytes and 19 individual untreated oocytes. Every oocyte had either very high (Ͼ90% of maximal) or very low (Ͻ10% of maximal) amounts of MAPK phosphorylation (Fig. 1,  E and F) . Thus, the response of the individual oocytes was essentially all-or-none; a lower bound for the Hill coefficient was calculated to be 42 (15, 16) (Fig. 1G) .
To determine whether the all-or-none character of the response was generated by the MAPK cascade, or was passed down to the cascade by upstream signaling elements, we microinjected oocytes with purified malE-Mos, a direct activator of Mek-1 (17) , and assessed the resulting MAPK phosphorylation. The response of the population was steep (n H Ͼ 5, Fig. 2A) , and only one Mosinjected oocyte was found with an intermediate amount of MAPK phosphorylation (out of 89; Fig. 2, C and D) .
The responses seen in intact oocytes ( Figs. 1 and 2) were much more switchlike than those seen in oocyte extracts (8) . We hypothesized that a key difference could be a positive feedback loop known to operate in intact oocytes (4, (18) (19) (20) , and known not to operate in extracts (8) , whereby MAPK or something downstream from MAPK promotes the stabilization and accumulation of Mos, at least in part through the phosphorylation of Ser 3 ( Fig. 3A) (19) . A positive feedback loop would markedly increase the abruptness of the MAPK cascade's response (Fig. 3B) (21) .
If protein synthesis-dependent positive feedback contributed to the highly switchlike responses seen in intact oocytes, then the protein synthesis inhibitor cyclohexi- SCIENCE ⅐ VOL. 280 ⅐ 8 MAY 1998 ⅐ www.sciencemag.org mide should make the response of oocytes to malE-Mos more like that seen in extracts. In agreement with this prediction, a large proportion of cycloheximide-treated, Mos-injected oocytes had intermediate amounts of MAPK phosphorylation (Fig. 2, C and D) . These results imply a Hill coefficient of about 3, similar to that seen in extracts (22) .
Thus, the MAPK cascade does exhibit some ultrasensitivity even when positive feedback is precluded, but protein synthesis allows a more highly switchlike response.
The intrinsic ultrasensitivity of the MAPK cascade and the protein synthesisdependent positive feedback loop together should produce a more satisfactory switch than either mechanism alone would. This can be seen through quantitative modeling (Fig. 3B) or simple graphical arguments (Fig.  3, C and D) . If positive feedback operated and the MAPK cascade exhibited a Michaelian response to Mos, then the system would have a stable on state and an unstable off state (Fig. 3, B and C) . Any nonzero level of Mos phosphorylation, added malE-Mos, or MAPK activity would trigger the feedback loop and drive the system to its on state. However, if the MAPK cascade exhibited an ultrasensitive response to Mos, then the system would have both a stable off state and a stable on state separated by a threshold (Fig.  3, B and D) (23) . The ultrasensitivity of the MAPK cascade essentially filters small stimuli out of the feedback loop.
In summary, the MAPK cascade is activated in a highly ultrasensitive-essentially all-or-none-fashion during Xenopus oocyte maturation. This behavior is proposed to arise from two known properties of the oocyte's MAPK cascade: positive feedback, which ensures that the occyte cannot rest in a state with intermediate MAPK phosphorylation, and the cascade's intrinsic ultrasensitivity, which establishes a threshold for activation of the positive feedback loop. Positive feedback does not appear to be uncommon, and there are many mechanisms that can give rise to ultrasensitivity (8, 9, 11, 24) . Thus, other biological switches may be constructed from components that are similar or analogous to those used by the oocyte. (20) . (B) Calculated stimulus-response curves for MAPK phosphorylation assuming no ultrasensitivity or feedback (denoted "neither"), ultrasensitivity but no feedback, feedback but no ultrasensitivity, or feedback plus ultrasensitivity (denoted "both"). Curves were calculated as described (21) with values of n H , n H Ј, EC 50 , and EC 50 Ј estimated from studies in extracts (8) and the present studies (n H Ϸ 5, n H Ј Ϸ 3, EC 50 Ϸ 27 nM, and EC 50 Ј Ϸ 20 nM), and taking k 1 k 2 /k Ϫ1 k Ϫ2 to be 0.5. The curves shown assume the system was initially in its off state. Graphical depiction of the expected steady-state level of Mos-P with positive feedback and either (C) a Michaelian response from the MAPK cascade or (D) an ultrasensitive response from the MAPK cascade. Stable steady states are denoted ss. Unstable steady states are denoted by asterisks. The arrows show in which direction the system would be driven if perturbed from a steady state.
14. Stage VI Xenopus oocytes were obtained by collagenase treatment of ovarian tissue and kept overnight in OR2 medium {82.5 mM NaCl, 2. 
Assume that individual oocytes have different values of k, which represents the concentration of x at which the oocyte's response is half-maximal, and that the distribution of oocytes among various values of k is given by
where
The exponent m defines the variability of the oocytes; the larger the value of m, the less variability in the concentration of stimulus at which the oocytes respond half-maximally. The constant a represents the stimulus concentration by which half of the oocytes have responded at least half-maximally. The distribution of oocytes among various values of the response y is given by
To evaluate Eq. 4, we solve for k in terms of x and y using Eq. 1, and then substitute the result into Eq. 3:
Taking the derivative of N with respect to y to yields the desired formula:
Equation 7 describes how a population of oocytes is distributed among various values of the response y for a given level of stimulus x and given values of the steepness of the oocytes' individual responses (n H ) and the tightness of the oocyte-to-oocyte variation (m). This equation was used to calculate the distributions shown in Fig. 1D and to infer values of the Hill coefficient n H for the experimentally determined oocyte distributions ( Figs. 1 and 2 Integrin-mediated reorganization of cell shape leads to an altered cellular phenotype. Disruption of the actin cytoskeleton, initiated by binding of soluble antibody to ␣5␤1 integrin, led to increased expression of the collagenase-1 gene in rabbit synovial fibroblasts. Activation of the guanosine triphosphate-binding protein Rac1, which was downstream of the integrin, was necessary for this process, and expression of activated Rac1 was sufficient to increase expression of collagenase-1. Rac1 activation generated reactive oxygen species that were essential for nuclear factor kappa B-dependent transcriptional regulation of interleukin-1␣, which, in an autocrine manner, induced collagenase-1 gene expression. Remodeling of the extracellular matrix and consequent alterations of integrin-mediated adhesion and cytoarchitecture are central to development, wound healing, inflammation, and malignant disease. The resulting activation of Rac1 may lead to altered gene regulation and alterations in cellular morphogenesis, migration, and invasion.
Modifications of cell shape are crucial for tissue morphogenesis, cell migration, and invasion. These alterations in cell morphology are thought to rely on the organization of the actin cytoskeleton and the modulation of cell adhesion. Changes in cell morphology lead to specific signaling from cell adhesion receptors and a consequent change of gene expression (1) 
